The globularization behavior of ELI grade Ti-6Al-4V alloy having different initial lamellar structures during multi-step forging under nonisothermal condition was investigated. The samples with either a thin or thick lamellar structure, which were produced from annealing followed by different cooling conditions, were upset and stretched repeatedly at forging start temperatures of 940 C and 900 C, and subsequently air cooled. The microstructural changes after non-isothermal multi-step forging were analyzed with respect to globularization of lamellae. After multi-step forging at 940 C, the initially thin lamellar structure changed to homogeneous equiaxed globules, but elongated globules with high aspect ratio were obtained from the initially thick lamellar structure. By forging at 900 C, the initially thin lamellar structure was changed to a mixed structure of both equiaxed and elongated globules, while severely deformed lamellae were preserved inside distorted colonies with little globularization for the initially thick lamellar structure. Globularization of the samples by forging at 900 C with both initially thin and thick lamellar structures was less effective compared to that by forging at 940 C. A quantitative microstructural analysis revealed that, in addition to the initial microstructure and forging start temperature, globularization of lamellae was significantly affected by the instantaneous microstructural development by thermal fluctuation during non-isothermal multi-step forging.
Introduction
þ Ti-6Al-4V alloy with a lamellar structure generally exhibits the superior fatigue properties and creep resistance to the alloy with an equiaxed or a bimodal structure. But due to the poor ductility at room temperature of this lamellar structure, the equiaxed or bimodal structure is preferred in most industrial applications. [1] [2] [3] [4] Therefore, the conversion of a lamellar structure to an equiaxed or a bimodal structure is one of the key steps in the semi-product fabrication of the alloy. This conversion process, called globularization, is known to occur by dynamic/static recrystallization during deformation and post heat treatment below the transus. [5] [6] [7] [8] The globularization behavior of Ti-6Al-4V alloy with a lamellar structure is known to be closely related to the initial microstructural features such as the prior grain size, colony size and lamellar thickness. In addition, it is affected by the processing parameters such as the forging temperature, strain, strain rate, and deformation mode. Accordingly, extensive and intensive investigations have been performed previously on the globularization behavior of the lamellar Ti alloys focusing on the effects of the microstructures [9] [10] [11] [12] and processing parameters. [13] [14] [15] However, most of the previous studies were conducted under the isothermal deformation condition, and it is rare to find a systematic one carried out under the non-isothermal deformation condition. In most of industrial practices, hot working for globularization of the Ti alloy billet is carried out under the non-isothermal condition -that is, the billet temperature concurrently decreases during deformation, and several reheating steps are employed to restore the initial temperature. Under such temperature fluctuation, the globularization behavior of a lamellar structure is expected to be different from that under the ideal isothermal deformation condition.
The objective of the present research is to investigate the effects of the initial lamellar thickness and forging start temperature on the globularization behavior of Ti-6Al-4V alloy during non-isothermal multi-step forging, particularly focusing on the instantaneous microstructural change under thermal fluctuation. For this purpose, the samples having different lamellar thickness were prepared and forged at different temperatures, and then their microstructures after forging were analyzed. In addition, in order to find the effect of thermal fluctuation during non-isothermal forging, the forged microstructures were compared with those of the samples subjected to the identical thermal cycle without multi-step forging.
Experimental Procedures

Material
Mill annealed Ti-6Al-4V alloy of ELI (Extra Low Interstitial) grade 16) was used as the starting material. Its chemical composition in wt.% was 5.96 Al, 3.88 V, 0.10 Fe, 0.001 C, 0.097 O, 0.006 N, 0.0076 H with the balance being Ti and its beta transus was 975 C. The samples of 40 mm diameter and 60 mm height were annealed at 990 C for 30 min. After this annealing, either air cooling (AC) or furnace cooling (FC) was employed to produce a thin or thick lamellar structure, respectively. In the case of AC, the cooling rate measured at the center of the sample was 100 C/min, while in FC, the samples were cooled to 700 C with a cooling rate of 1 C/min in the furnace and then air cooled to room temperature. The microstructures of the AC and FC samples are shown in Fig. 1 . Microstructure of the AC sample ( Fig. 1(a) ) consisted of thin lamellae of 1 mm in thickness and thick grain boundary layer. For the FC sample ( Fig. 1(b) ), the thickness of both lamellar and grain boundary increased due to the slow cooling rate, and the average thickness of lamellae was 8 mm.
Non-isothermal multi-step forging
The AC and FC samples were subjected to multi-step forging under the non-isothermal condition. At first, a sample was heated at the forging start temperature, i.e. 900 C or 940 C, for 30 min prior to deformation, and then upset to 40 mm height. After reheating to the forging start temperature for 10 min to compensate for temperature drop during upsetting, the upset sample was stretched to 36 mm thickness by side pressing. The side pressing was repeated 6 times by rotating a sample properly so that the initial height of sample (60 mm) was restored. In this case, intermediate reheating was employed after every two side pressing operation. The changes of the sample shape during upsetting and side pressing are shown in Fig. 2(a) , and the initial and final shapes of the sample are compared in Fig. 2(b) . A series of one upsetting and six side pressing operations was repeated 3 times. The accumulated macroscopic true strain of the sample was 2:4 after the completion of multi-step forging. All forging was carried out between the two flat dies heated at 350 C with a ram speed of 5 mm/s. After final forging, the sample was air cooled without additional heat treatment. In addition, in order to examine the microstructural evolution due to intermediate reheating, the samples were reheated to the forging start temperature for 30 min, and then either water quenched or air cooled several times without forging.
The microstructures were observed at the center of the longitudinal plane of the forged samples by optical microscopy and scanning electron microscopy. The size and volume fraction of globules were measured and analyzed quantitatively by an image analyzer. C are shown in Fig. 3 . The microstructure of the AC sample (initially thin lamellar structure) exhibited the bimodal structure of equiaxed particles and interparticle lamellae ( Fig. 3(a) ). By contrast, elongated particles with high aspect ratio (Fig. 3(c) ) were observed in the FC sample (initially thick lamellar structure) instead of equiaxed ones. It is noticed that the thickness of elongated particles of the FC sample was nearly the same as the diameter of equiaxed particles in the AC sample. In addition, while equiaxed particles were evenly distributed in the AC sample ( Fig. 3(b) ), the traces of the lamellar colonies and thick layers at the prior grain boundaries remained even after multi-step forging in the FC sample ( Fig. 3(d) ). Figure 4 shows the optical micrographs of the AC and FC samples multi-step forged at 900 C. The microstructure of the AC sample exhibited a mixture of equiaxed particles and elongated lamellae ( Fig. 4(a) ). At a low magnification (Fig. 4(b) ), the traces of small colonies of 50 mm in size could be identified. In the FC sample, the severely deformed but unbroken lamellae were preserved inside distorted colonies after forging as in Fig. 4 (c) and (d), in which both lamellae and colonies were more distorted than those in the FC sample multi-step forged at 940 C ( Fig. 3(d) ).
900 C forging
3.2 Quantitative comparison of multi-step forged microstructures In this section, the characteristics of the final microstructures of non-isothermal multi-step forged samples are analyzed quantitatively. The values of the microstructural features of the AC and FC samples after forging at 940 C and 900 C are summarized and compared in Table 1 .
Aspect ratio
The distributions of the aspect ratio (L=D; L and D are the longitudinal and short transverse dimensions of the particle, respectively) of particles after forging are compared in Fig. 5 . At the same forging start temperature, it is obvious that the thin lamellar structure (i.e. the AC sample) was more effective for globularization than the thick lamellar structure (i.e. the FC sample). For instance, at 940 C, the maximum frequency peak of the AC sample appeared at L=D < 2, which indicates full globularization, but that of the FC sample appeared at L=D < 3 ( Fig. 5 (a)) with broad distribution. The same trend was also found at 900 C ( Fig. 5(b) ). However, by decreasing the forging start temperature from 940 C to 900 C, the fraction of particles with L=D < 2 decreased from 92% to 39% for the AC sample, and from 17% to 5% for the FC sample. This result shows that a decrease in the forging start temperature suppresses globularization in both AC and FC samples.
particle size
The distributions of the particle size of the AC and FC samples are compared in Fig. 6 . For construction of Fig. 6 , the average diameter was measured for the equiaxed particles, and the thickness was measured for elongated or lamellar ones. After multi-step forging at 940 C ( Fig. 6(a) ), the diameter of equiaxed particles of the AC sample ( Fig. 3(a) ) was nearly the same as the thickness of elongated particles of the FC sample (Fig. 3(c) ), though these samples had very different initial lamellar thickness as shown in Fig. 1 . After multi-step forging at 900 C ( Fig. 6(b) ), the particle size of the AC sample less increased (from 1 mm to 4 mm) as compared with that forged at 940
C showing a significant increase (from 1 mm to 7 mm), while a small difference was observed in the FC sample.
Effect of intermediate reheating during non-isother-
mal multi-step forging Thermal fluctuation as well as plastic deformation during non-isothermal multi-step forging could affect the final microstructure of the forged sample. In order to examine the sole effect of intermediate reheating and subsequent cooling during non-isothermal multi-step forging on globularization, the AC and FC samples were reheated to the forging start temperature (i.e. 940 C or 900 C) for 30 min, and then either water quenched or air cooled repeatedly without forging. By water quenching, the shape and volume fraction of lamellae at the forging temperature can be preserved, while the matrix phase is transformed to martensite. Therefore, information on the instantaneous microstructural state just prior to forging operation can be obtained. Similarly, by air cooling, the microstructural change during air cooling after multi-step forging can be inferred.
AC sample
The microstructures of the AC sample subjected to repetitive thermal cycle without forging at 940 C and 900 C are shown in Figs. 7 and 8, respectively. A comparison of Figs. 7(a) and 7(c) reveals that lamellae became thicker and shorter, and their volume fraction decreased by reheating at 940 C. Subsequent air cooling after reheating increased the lamellar thickness as shown in Figs. 7(b) and 7(d). The same trend was observed in the thermal cycle at 900 C (Fig. 8) , but less significant.
FC sample
Figures 9 and 10 represent the microstructures of the FC sample thermally cycled at 940 C and 900 C, respectively. In the case of the FC sample, both thickness and volume fraction of lamellae decreased during reheating compared to the microstructure of the initial FC sample, Fig. 1(b) . But, similar to the AC sample, they slightly increased again after subsequent air cooling: for example, a comparison between Figs. 9(c) and 9(d). It is also noticed that a fine lamellar structure existed inside the individual lamellae which was transformed from the phase, i.e. the area 'A' in Figs. 9 and 10. This fine lamellar structure, which was not observed in the initial state of Fig. 1(b) , resulted from the faster cooling rate than that of the furnace cooling.
The variation of the lamellar thickness and its volume fraction with the number of thermal cycle is summarized in Figs. 11 and 12 , respectively. It is of interest to note that the increase of the lamellar thickness of the AC sample at 940 C was the most significant such that it reached that of the FC sample after 5 thermal cycles at the same temperature. The volume fraction of lamellae was more affected by the temperature and the initial lamellar thickness rather than the number of thermal cycle. As shown in Fig. 12 , after the rapid decrease by the first thermal cycle, the volume fraction of lamellae remained nearly unchanged with further thermal cycle at all conditions. But, the initial decreases in both AC and FC samples by 940 C thermal cycle were more significant than those by 900 C thermal cycle and, at the same temperature, the dissolution of in the FC samples was significant compared to that in the AC samples.
Discussion
Globularization under non-isothermal condition
In the preceding sections, the globularization behavior of Ti-6Al-4V alloy subjected to non-isothermal multi-step forging was analyzed. According to the globularization mechanism proposed by Margolin and Cohen 6) and Weiss et al., 7) at first -grain boundaries were formed across lamellae during deformation by dynamic recrystallization. Then the phase penetrates into these -boundaries to reduce the interface energy. Finally, equiaxed particles are formed through severance and/or partition of lamellae by complete penetration of the phase. For recrystallization of the phase, sufficient strain should be imposed on lamellae before penetration, and the amount of strain required varies with the lamellar thickness. It is known that the phase of bcc structure is softer and more deformable than the phase of hcp structure at conventional forging temperatures of þ titanium alloys. 17, 18) Accordingly, the amount of strain accumulated on lamellae associated with their recrystallization depends on the thickness and volume fraction of lamellae.
It is worth mentioning that, under non-isothermal condition, the thickness and volume fraction of lamellae However, only in terms of thermal fluctuation, the microstructures formed at each forging step in the present nonisothermal forging are expected to exhibit the similar trend of microstructural evolution to that described in Section 3.3.
That is, the microstructural changes during cooling and reheating for the next forging step of either deformed lamellae or recrystallized globules formed by one forging step can be deduced from Figs. 11 and 12. In the next, the globularization behavior observed in this study is discussed in association with instantaneous microstructural development in the deformation process considering the thermal fluctuation effect. 
Globularization of the AC and FC samples 4.2.1 AC samples
From a comparison between Fig. 3 (a) (940 C) and Fig. 4(a) (900 C), it is obvious that globularization at the higher forging start temperature was more effective than that at the lower forging start temperature, but the lamellar thickness of the latter was smaller than the globule diameter of the former. The previous result regarding the effect of the forging temperature on the globularization behavior of the same alloy under the isothermal compression 8, 13) showed that as the temperature decreased, deformation of lamellae became non-uniform. A similar argument can be applied to the present case. In addition to the lower forging temperature, non-uniform deformation would be more prevalent due to concurrent cooling of the sample during non-isothermal forging, resulting in less globularization in the AC sample forged at 900 C. As shown in Fig. 11 , the lamellar thickness of the sample thermally cycled at 940 C increased faster than that of the sample thermally cycled at 900 C with the number of thermal cycle. This observation can be explained by the followings. The lamella thickening is more significant at the end of lamella (i.e. lamella node) due to the fault migration. 19, 20) Dynamic recystallization at 940 C was more active than at 900 C due to high temperature, resulting in more recrystallized particles with the low aspect ratio which were formed through severance and/or partition of lamellae by complete penetration of the phase. Then, the lamella thickening in the recrystallized particles with the low aspect ratio resulted in the more equiaxed globules with a relatively large diameter. By contrast, at 900 C, lamellae with the high aspect ratio were formed due to less recrystallization and non-uniform deformation, and the lamella thickening in these lamellae was to be limited at the end of each lamella. This interpretation of thermal effect can be extended to explain the fact that globule diameter of the sample forged at 940 C ( Fig. 3(a) ) was larger than the lamellar thickness of the sample forged at 900 C (Fig. 4(a) ).
FC samples
Globularization of the FC sample forged at 940 C resulted in the elongated particles with high aspect ratio (Fig. 3(c) ), while the microstructure of the FC sample forged at 900 C (Fig. 4(c) ) showed the distorted colony structure consisting of severely deformed lamellae, indicating less effective globularization in the latter. As listed in Table 1 , the lamellar thickness change in the FC sample was not sensitive to the forging temperature and this result was in agreement with that observed in the thermally cycled sample (Fig. 11) . Figure 4 (c) reveals that there are many irregular grooves (indicated by arrows) on the boundaries of deformed lamellae at 900 C forging, indicating the incomplete globularization. As aforementioned, globularization of lamellae is known to occur by penetration of the phase through such grooves called 'cusp' during dynamic and/or static recrystallization processes. 9, 21) In the case of non-isothermal deformation at 900 C, penetration becomes difficult compared to that at 940 C due to not only the lower temperature but also concurrent cooling of the sample during forging under non-isothermal condition. 22) In addition, although the sample was reheated to forging temperature, the time was not sufficient for globularization. Eventually, unlike forging at 940 C, lamellae are not globularized, but only deformed at 900 C forging.
Comparison of globularization behavior of the AC and FC samples
The instantaneous microstructures just prior to forging can be inferred from the water quenched samples after reheating.
Their characteristics shown from Fig. 7 to Fig. 12 can be schematically summarized as Fig. 13 . At the same forging temperatures, the instantaneous microstructures of the FC sample are manifested by thicker and lamellae but the smaller volume fraction of the phase compared to the AC sample. Such lamellar configuration of the FC sample just prior to forging is not favorable for globularization because thick layers are likely to deform preferentially than thick lamellae, and therefore only a small portion of strain will be accumulated on lamellae, resulting in insufficient plastic deformation of lamellae for recrystallization. Eventually, the final microstructure of the FC sample after nonisothermal multi-step forging exhibits the traces of deformed colonies and elongated particles as shown in Fig. 3(c) and Fig. 3(d) . In the same point of view, the AC sample, which has both thin and lamellar structure in addition to the higher volume fraction of the phase, is thought to be more favorable for the recrystallization than the FC sample, resulting in the more homogeneous distribution of fully globularized particles as shown in Fig. 3(a) and Fig. 3(b) .
As mentioned earlier, the diameter of the globules of the AC sample was comparable to the thickness of elongated particles of the FC sample after forging at 940 C in spite of very different initial lamellar thickness. This can be explained in terms of the microstructural development due to thermal fluctuation. As shown in Fig. 11 , the thickness of initial thin lamellae of the AC sample increased continuously with increasing the number of thermal cycle, and became nearly the same as that of the FC sample after the 5 thermal cycles at 940 C. The similar result of lamella thickening during isothermal compression of very thin lath structure was reported by Shell and Semiatin. 12) In their experiment, the thickness of laths increased with the heating temperature and holding time. It is worth mentioning that the thickness change of lamellae of the AC sample during cooling was larger than that during reheating as seen in Fig. 11 , indicating that the coarsening of globules can be enhanced by repetition of cooling during non-isothermal multi-step forging. f α = 90%, t α = 8µm f α = 55%, t α = 3.5µm f α = 35%, t α = 3µm 
Summary
(1) The globularization behavior of ELI grade Ti-6Al-4V alloy with either initially thin or thick lamellar structure during non-isothermal multi-step forging was investigated. It was found that globularization of lamellae was significantly affected by the instantaneous microstructural state developed by thermal fluctuation during non-isothermal multi-step forging. (2) After multi-step forging at a start temperature of 940 C, the alloy with initially thin lamellar structure exhibited homogeneous distribution of equiaxed globules, but elongated globules with high aspect ratio was dominant in the alloy with initially thick lamellar structure. (3) After the forging at 900 C, the alloy with initially thin lamellar structure exhibited a mixed structure of equiaxed particles and elongated lamellae. On the contrary, the microstructure of the alloy with initially thick lamellar structure consisted of severely deformed lamellae inside the distorted colonies with little globularization. In case of the present non-isothermal multistep forging, the more effective globularization occurred at higher forging start temperature. (4) To obtain equiaxed microstructure by non-isothermal multi-step forging, a thin lamellar structure is to be used as a starting microstructure. A fully globularized but coarsened structure was obtained at higher forging start temperature. The coarsening of globules was suppressed, but globularization became less effective at the same time with decreasing the forging start temperature. In this case, the higher deformation and/or post annealing heat treatment should be applied to acquire finer equiaxed globules.
